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Malformed α-Synuclein (α-syn) aggregates in neurons are released
into the extracellular space, activating microglia to induce chronic
neuroinflammation that further enhances neuronal damage in
α-synucleinopathies, such as Parkinson’s disease. The mechanisms
by which α-syn aggregates activate and recruit microglia remain
unclear, however. Here we show that α-syn aggregates act as
chemoattractants to direct microglia toward damaged neurons.
In addition, we describe a mechanism underlying this directional
migration of microglia. Specifically, chemotaxis occurs when α-syn
binds to integrin CD11b, leading to H2O2 production by NADPH
oxidase. H2O2 directly attracts microglia via a process in which
extracellularly generated H2O2 diffuses into the cytoplasm and
tyrosine protein kinase Lyn, phosphorylates the F-actin–associated
protein cortactin after sensing changes in the microglial intracel-
lular concentration of H2O2. Finally, phosphorylated cortactin me-
diates actin cytoskeleton rearrangement and facilitates directional
cell migration. These findings have significant implications, given
that α-syn–mediated microglial migration reaches beyond Parkin-
son’s disease.
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Although progressive loss of dopaminergic neurons in thesubstantia nigra pars compacta (SNpc) is a pathological
hallmark of Parkinson’s disease (PD), the disorder also features
activated microglia-mediated chronic inflammation and the ac-
cumulation of α-Synuclein (α-syn) in affected regions of the
SNpc, suggesting that both activated microglia and α-syn con-
tribute to the pathogenesis of PD.
α-Synuclein, a soluble protein that performs multiple physio-
logical functions (1, 2), aggregates under challenging genetic or
environmental conditions (3, 4). Accumulations of α-syn in neu-
rons are toxic (5), most likely via impairment of ubiquitin-pro-
teasomal and autophagy-lysosomal pathways, increased chronic
endoplasmic reticulum stress, and mitochondrial dysfunction,
among other mechanisms (6–9). In vitro and in vivo studies also
have demonstrated that α-syn species, predominantly oligo-
mers, can be released from neurons into the extracellular space
(10, 11), stimulating microglial activation (10, 12) and initiating
neuroinflammation. If unregulated, microglial activation may
induce the release of inflammatory mediators, such as TNF-α,
monocyte chemotactic protein-1 (MCP-1), and reactive oxygen
species (ROS), to sites of neuroinflammation, causing progressive
neuronal damage (13, 14).
Currently little is known about the mechanism by which α-syn
affects microglial activity, especially motility. Several studies
have reported that the extent of microglial activation in the SNpc
correlates with α-syn accumulation. This result, together with the
finding that microglia preferentially colocalize with aggregated
α-syn in the SNpc (15, 16), led us to hypothesize that α-syn ag-
gregates may act as chemoattractants to direct microglial mi-
gration toward neurons releasing α-syn into the interstitial tissue.
Here we show that the binding of α-syn to CD11b on microglia
is sufficient and necessary for microglial directional migration.
Furthermore, H2O2 originating from activated NADPH oxidase
(Nox2), a key enzyme in microglia, serves as a direct signal that
drives microglial migration. Finally, we identify a unique mo-
lecular event as critical to microglial directional migration: Lyn,
a Src family kinase (SFK), senses changes in the intracellular
concentration of H2O2 in microglia and phosphorylates the
F-actin–associated protein cortactin, resulting in actin filament
rearrangement and microglial directional migration.
Results
α-Syn Aggregates Act as Chemoattractants to Direct Microglial
Migration. To determine whether neuron-derived α-syn acts as
a microglial chemoattractant, we tested whether alteration of
neuronal α-syn changed microglial migration toward affected
neurons. Using viral expression systems carrying either specific
α-syn cDNA or short-hairpin RNA (shRNA), α-syn was over-
expressed or knocked down in rat primary neuron-enriched
cultures (Fig. S1 A–E). On day 14 after seeding, the infected cells
remained viable but appeared dysmorphic (Fig. S1F). As shown
in Fig. 1A, neuronal α-syn overexpression accelerated microglial
migration toward neurons, whereas decreasing expression of
α-syn suppressed this migration.
Hypothesizing that neurons could serve as a concentrated
source of α-syn aggregates that could diffuse throughout the
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culture media, establishing a concentration gradient that recruits
microglia, we examined colocalization of neurons and microglia
after the addition of microglia directly to virus-infected neuron
cultures (Fig. 1 B and C). Colocalization of microglia with neu-
rons was assessed after labeling with calcein-AM (which labels
the cytoplasm of both cell types; green), Alexa Fluor 594-con-
jugated isolectin (which labels microglia; red), and Hoechst
(nuclear stain; blue) and quantifying the number of microglia
overlapping with neuronal cell bodies. After overnight incubation,
we found a significantly higher number of microglia colocalizing
with the neurons overexpressing α-syn than with neurons with
reduced α-syn.
Although these data strongly suggest that α-syn released from
damaged neurons induces microglial migration, they also could
be explained if manipulating neuronal α-syn modulates other
potential microglial chemoattractants (e.g., MCP-1). Therefore,
we examined whether recombinant human (rH) α-syn oligomers
could directly initiate the process. As shown in Fig. 1D, whereas
only 2.67 ± 1.27% of the microglia migrated toward media
containing BSA, 17.88 ± 3.06% migrated toward α-syn aggre-
gates, comparable to the 16.94 ± 4.37% of microglia that mi-
grated to wells containing formyl-methionyl-leucyl-phenylalanine
(fMLP), a myeloid cell chemoattractant exclusively dependent
on the CD11b receptor (17), confirming that α-syn aggregates
are potent and sufficient microglial chemoattractants.
CD11b Is Essential for Microglia to Migrate Toward Sources of α-Syn.
Because our previous study revealed that α-syn–mediated
microglial activation is strongly dependent on CD11b (12), we
probed its role in inducing α-syn–mediated microglial migration.
We examined the ability of antibodies (Abs) against CD11b or
α-syn, along with an isotype-control IgG and the fMLP receptor
antagonist cyclosporin H, to block the migration of rat and
mouse microglia toward α-syn aggregates or fMLP. Cyclosporin
H and Ab against CD11b, but not α-syn, partially inhibited the
migration response to the CD11b-dependent chemoattractant
fMLP. In contrast, both CD11b and α-syn antibodies significantly
suppressed migration toward α-syn aggregates (Fig. 2 A and B).
Moreover, neither the anti-CD11b Ab nor the anti–α-syn Ab
further inhibited CD11b−/− (or CD11 null) mouse microglial
migration after stimulation by fMLP or α-syn (Fig. 2C), in-
dicating that CD11b is required for microglial chemotaxis toward
both fMLP and α-syn, but that the mechanisms involved are dis-
tinctively different.
To confirm this mechanism in an independent system, we
evaluated rat microglial migration toward rat neuronal cultures
Fig. 1. Evidence that α-syn mediates microglial directional migration. (A) Quantitative analysis of microglial passage across the insert filters and migration to
the bottom wells of 24-well Boyden chambers. The closed red bar indicates total input (1.0 × 105). Transmigrated microglia (isolectin-positive cells) were
counted. n = 4. (B) Representative images showing microglial migration toward neurons. Rat neuron-enriched cultures in the 24-well plates were infected
with the AAV2-blank, AAV2-α-syn, lentiviral scrambled (Scram), or rat α-syn–specific shRNA-carrying vectors. Then 3.0 × 105 microglia were directly added
to the wells and allowed to migrate toward neurons overnight before staining with Alexa Fluor 594-conjugated isolectin, calcein-AM, and Hoechst.
(C) Quantitative analysis of microglial migration toward neurons. Images, as represented in B, were captured, and the microglia that overlapped neurons
were counted. n = 5. (D) Chemotaxis assays of microglial migration toward rH α-syn aggregates or fMLP in the 96-well Boyden chambers. After overnight
incubation, the transmigrated microglia were measured using a CytoQuant assay kit. n = 4. Group comparisons were tested by ANOVA. *P < 0.05; **P < 0.01;
***P < 0.001. (Scale bar: 100 μm.)














with enhanced or reduced α-syn expression. As expected, α-syn
overexpression increased the number of transmigrated microglia,
whereas knockdown of α-syn decreased it (Fig. 2D). Treatment
with anti-CD11b Ab dramatically suppressed microglial migra-
tion toward intact neuronal cultures or cultures overexpressing
α-syn (Fig. 2D), but did not further inhibit microglial chemotaxis
when neuronal α-syn production was decreased (Fig. 2D), sug-
gesting that α-syn is a key signaling factor recognized by CD11b.
Considering α-syn generated by neurons from WT or CD11b−/−
mouse or rat neurons, we found that regardless of the genotype
of the neurons, far fewer CD11b−/− than WT mouse microglia
migrated toward neurons, and that treatment with anti-CD11b
Ab decreased WT microglial migration to a level roughly equiv-
alent to that of CD11b−/− microglia (Fig. 2E). When rat microglia
were pretreated with control IgG or anti-CD11b Ab and directly
incubated overnight in the wells containing rat neurons, fewer
anti-CD11b Ab-pretreated microglia colocalized with the neurons
compared with control IgG-treated microglia (Fig. 2 F and G).
Collectively, our data suggest that CD11b detects sources of α-syn
and directs microglial migration.
α-Syn Binds Directly to Microglial CD11b. The requirement of
CD11b for microglial movement toward sources of α-syn, to-
gether with our previous finding that α-syn–induced microglial
activation is CD11b-dependent (18), strongly suggest that α-syn
is likely a ligand of CD11b. To directly test this hypothesis, we
used purified Myc-DDK–fused human CD11b to coimmuno-
precipitate rH α-syn aggregates. Myc-DDK–fused human CD11b
pulled down α-syn (Fig. 3A, left lane), whereas α-syn alone failed
to precipitate (Fig. 3A, right lane). Reciprocally, α-syn aggre-
gates were able to coprecipitate CD11b from lysates collected
from WT microglia, but not CD11b−/− microglia (Fig. 3B, left
two lanes), whereas neither CD11b nor α-syn was pulled down by
IgG (Fig. 3B, right two lanes). Flow cytometry and image analysis
showed that both α-syn and CD11b Ab were localized to the
surface of live microglia. Finally, preincubation in α-syn signifi-
cantly inhibited additional binding of APC-conjugated anti-
CD11b Ab to the microglial cell surface (Fig. S2 A, C, and E),
and less Dylight 488-labeled α-syn bound to WT microglia pre-
treated with anti-CD11b blocking Abs or to CD11b−/− microglia
than to the control IgG-treated WT microglia (Fig. S2 B and D).
Taken together, these data indicate that α-syn is indeed a ligand
of CD11b.
We also tested α-syn–mediated adhesion of microglia by pre-
treating calcein-AM–labeled WT or CD11b−/− mouse microglia
with control IgG or anti-CD11b blocking Abs and then adding
them to plates coated with BSA or rH α-syn aggregates. We found
that more WTmicroglia adhered to the α-syn–coated wells than to
the BSA-coated wells (Fig. S2F). The CD11b−/− cells were less
capable of adhering to the α-syn–coated wells, and pretreatment
with the anti-CD11b Abs decreased the adhesion of WT microglia
to approximately the same level as that of the CD11b−/− microglia
(Fig. S2F). These findings suggest that α-syn–mediated microglial
adhesion is specific to and directly dependent on the binding of
α-syn to CD11b.
Fig. 2. CD11b is involved in the regulation of α-syn–mediated microglial migration. (A) Effect of fMLP receptor antagonist cyclosporin H and Ab against
either α-syn or CD11b on migration of rat microglia toward purified rH α-syn aggregates or fMLP. Here 1.0 × 105 microglia were loaded onto each insert.
(B) Effect of anti–α-syn or anti-CD11b Ab on migration of WT mouse microglia toward purified rH α-syn aggregates or fMLP. (C) Migration of CD11b−/− mouse
microglia toward purified rH α-syn aggregates or fMLP. In A, B, and C, the transmigrated microglia were measured in the 96-well Boyden chambers using a
CytoQuant assay kit. (D) Migration of rat primary microglia toward rat neuron-enriched cultures in which α-syn expression was intact, enhanced or knocked
down. “Input” control reflects addition of 1.0 × 105 microglia directly to the well. (E) Migration of mouse WT or CD11b−/− microglia toward mouse or rat
neuron-enriched cultures with or without an anti-CD11b Ab. Microglial migration in D and Ewas measured in the 24-well Boyden chambers. In A–E, n = 4. The
Student t test was performed in E, whereas ANOVA followed by the Newman–Keuls multiple-comparisons test were performed in A–D. (F) Representative
images showing rat primary microglial migration toward rat neurons with or without an anti-CD11b blocking Ab. Here 3.0 × 105 microglia were loaded onto
each insert. (G) Quantitative analysis of microglia that overlapped neurons, counted in images as represented in F. n = 5, Student’s t test. In A–E and G, *P <
0.05, **P < 0.01, and ***P < 0.001 compared with the corresponding BSA or IgG controls; ##P < 0.01 and ###P < 0.001 compared as indicated. (Scale bar: 100 μm.)
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Nox2 Activation Is Required for Microglial Directional Migration. We
next explored the downstream events occurring after the binding
of α-syn to CD11b. Consistent with our previous study (12), ex-
posing WT microglia to α-syn aggregates increased Nox2 activity,
as evidenced by increased production of the superoxide anion
(O2
−) (Fig. 3C). We compared the ability of α-syn aggregates to
cause translocation of p47phox to the cell membrane, a surrogate
marker of Nox2 activation (19), with that of phorbol 12-myristate
13-acetate (PMA), a compound that increases Nox2-generated
O2
− levels via a CD11b-independent pathway requiring the ac-
tivation of protein kinase C (19). Using this measure, both PMA
and α-syn aggregates increased Nox2 activation in rat microglia-
derived HAPI cells (Fig. 3 D–G). Serendipitously, we noticed
that, simultaneous with the translocation of p47phox to the plasma
membrane, α-syn disrupted the peripheral actin rings in HAPI
cells, resulting in a polarized microglial morphology in which
p47phox accumulated along the leading edge of growing lamelli-
podia. Remarkably, lamellipodia growth was blocked by pre-
treating the microglia with an anti-CD11b or α-syn Ab (Fig. 3G).
In addition, we inhibited mouse microglial chemotaxis toward
α-syn aggregates or fMLP by knocking out gp91phox (gp91phox−/−),
the catalytic subunit of Nox2 (Fig. 4A). In fact, simply inhib-
iting Nox2 using apocynin (Apo) (20) markedly suppressed
microglial migration toward rH α-syn aggregates or fMLP (Fig.
4B). We found that Apo treatment decreased microglial migra-
tion toward either intact or α-syn–overexpressing neurons (Fig.
4C), but not toward neurons treated with α-syn shRNA, further
demonstrating that α-syn–induced microglial migration depends
on Nox2 activity (Fig. 4C). Moreover, when microglia were
added directly to rat neuron cultures, treatment with Apo re-
duced the number of microglia that colocalized with rat neurons
in which α-syn expression was intact (Fig. 4 D and E) or en-
hanced (Fig. 4E). Interestingly, Apo treatment did not further
decrease the number of microglia colocalizing with neurons in
rat primary neuronal cultures with decreased α-syn (Fig. 4E).
Taken together, these data indicate that Nox2 activity is oblig-
atory for directional microglial migration, although the mecha-
nism by which the binding of α-syn to CD11b induces Nox2
activation remains to be investigated.
H2O2, a Downstream Product of α-Syn–Activated Nox2, Serves as a
Direct Signal to Regulate Microglial Directional Migration. Nox2
activation increases extracellular O2
− levels (21), and O2
− is
spontaneously converted to H2O2. This fact, combined with
other reports that redox reactions play a role in cell migration
(22), prompted us to examine whether ROS contribute to
microglial migration toward sources of α-syn. Unlike O2−, H2O2
is membrane-permeable. Therefore, we hypothesized that H2O2
might be the principal signal that regulates microglial migration
toward sources of α-syn. Using under-agarose chemotaxis assays,
we showed that mouse microglia moved preferentially toward
the source of H2O2 (Fig. 5A and Fig. S3 A–C). This response was
Fig. 3. α-Syn aggregates directly bind to CD11b, which activates Nox2 to induce a migratory conformation of microglia. (A) In vitro binding assays. Myc-DDK–
fused human CD11b was incubated with rH α-syn aggregates, and binding was detected via immunoblot for DDK and α-syn. Incubation of CD11b or α-syn
alone served as controls. n = 3. (B) In vivo binding assays. Purified rH α-syn aggregates were mixed with WT or CD11b−/− microglial lysates to allow α-syn to
react with CD11b, and the mixtures were further incubated in the IgG- or Ab-conjugated magnetic beads. Binding was detected via immunoblot for CD11b
and α-syn. n = 3. (C) O2− production in mouse microglial cultures on stimulation using PMA (positive control) or α-syn. (D) Representative immunoblots
showing plasma membrane (PM) translocation of p47phox from cytosol (Cyt) in PMA (positive controls)- or α-syn–stimulated HAPI cells. (E) Quantitative analysis
of p47phox membrane translocation based on the immunoblot data. ANOVA was performed. n = 3. ***P < 0.001 compared with the BSA control.
(F) Membrane translocation of p47phox and polarization of the cellular morphology in BSA- or α-syn–stimulated HAPI cells. (G) Rearrangement of the actin
cytoskeleton in α-syn–stimulated HAPI cells in the presence or absence of an anti–α-syn or anti-CD11b Ab. The samples were immunostained for p47phox,
F-actin (by phalloidin), and nuclei (by Hoechst). The arrows indicate the polarized distribution of p47phox in the lamellipodia. (Scale bar: 10 μm.)














attenuated by the presence of catalase in the microglial media (Fig.
5A). Remarkably, when directly exposed to H2O2, the microglia
broke down their cortical actin rings and extended lamellipodia at
the leading edges of the cells, exhibiting a migratory morphology
(Fig. 5B) similar to that of α-syn–stimulated microglia.
To further confirm the role of H2O2 in microglial migration,
we monitored the changes in concentration of both extracellular
(i.e., supernatant) and intracellular H2O2. We found that α-syn
increased the extracellular H2O2 levels in WT mouse microglial
cultures, and that the generation of H2O2 was suppressed by
exogenous catalase (Fig. 5C). Moreover, α-syn failed to generate
extracellular H2O2 from either CD11b
−/− or gp91phox−/− micro-
glia (Fig. 5 D and E). The intracellular accumulation of H2O2 in
WT mouse microglia mirrored the extracellular accumulation of
H2O2 in response to α-syn, and, as before, this accumulation was
suppressed when α-syn was applied together with catalase (Fig.
5F and Fig. S3D). In addition, after overnight preincubation of
the cells in catalase, the intracellular H2O2 levels remained rel-
atively low, and no difference in intracellular H2O2 was detected
between BSA- and α-syn–stimulated microglia (Fig. 5G and Fig.
S3E). However, preincubating the microglia in catalase did not
affect the α-syn–induced increase in the extracellular H2O2 levels
(Fig. S3F). These results suggest that in α-syn–stimulated micro-
glia, most of the intracellular H2O2 originates from the extra-
cellular space and diffuses down the concentration gradient.
Furthermore, the presence of catalase significantly inhibited
microglial migration to the source of α-syn or fMLP (Fig. 5H).
Taken together, these data indicate that α-syn–activated Nox2
produces extracellular O2
− that is converted to H2O2, either
spontaneously or with the assistance of extracellular SOD (23),
leading to an extracellular-to-intracellular H2O2 gradient that
guides microglial migration toward to the source of α-syn.
Lyn Acts as a Sensor of H2O2 Levels to Regulate the Phosphorylation
of Cortactin and to Facilitate Microglial Migration Toward α-Syn. We
next examined the mechanism by which α-syn–induced H2O2
guides the directional movement of microglia. H2O2 is known to
regulate the activity of numerous tyrosine kinases by oxidizing
cysteine residues (24, 25). Specifically, a recent study showed
that SFKs are activated by H2O2 to direct neutrophil migration
(26). Therefore, we hypothesized that H2O2 activates SFKs and
induces the rearrangement of actin filaments, which provides
the basis for the microglial detection of and migration toward
sources of extracellular α-syn. To test this hypothesis and the
signaling mechanisms involved, we examined the effect of α-syn
and H2O2 on SFK phosphorylation, and found that it was in-
creased in microglia by either treatment (Fig. 6A). By isolating
proteins containing phosphorylated tyrosine from the lysates of
α-syn– or H2O2-treated mouse microglia, we found that phos-
phorylated Lyn, a member of the SFK family, was substantially
enriched in these cell lysates (Fig. 6B). Further demonstrating
that H2O2 induces Lyn phosphorylation, the simultaneous ad-
dition of catalase markedly attenuated Lyn phosphorylation in-
duced by either α-syn or H2O2 (Fig. 6C). Similarly, the Src
inhibitor PP2 suppressed Lyn phosphorylation (Fig. 6D).
Because both CD11b and gp91phox are required for the α-syn–
induced activation of microglial Nox2, we examined whether Lyn
was phosphorylated in CD11b−/− and gp91phox−/− mouse micro-
glia stimulated by α-syn or H2O2. As expected, Lyn phosphory-
lation was not induced by α-syn in the CD11b−/− or gp91phox−/−
microglia, but could be induced by directly exposing the knock-
out microglia to H2O2 (Fig. 6 E and F), confirming that H2O2 is
the signaling molecule that acts downstream of both CD11b
and Nox2.
Fig. 4. Activation of Nox2 is essential to α-syn–induced microglia directional migration. (A) Migration of WT or gp91phox−/− mouse microglia toward fMLP or
rH α-syn aggregates. n = 5. The Student t test was performed. (B) Effect of the Nox2 inhibitor Apo on mouse microglial migration toward fMLP or α-syn. One-
way ANOVA followed by the Newman–Keuls multiple-comparisons test were performed. n = 5. The transmigrated cells in A and B were detected in the 96-
well Boyden chambers using a CytoQuant kit; 1.0 × 105 microglia were loaded. (C) Effect of the Nox2 inhibitor Apo on rat microglial migration toward
neuron-enriched cultures. ANOVA and the Newman–Keuls multiple-comparisons test were applied. n = 5. The transmigration assays were performed in the
24-well Boyden chambers. (D) Representative images showing rat microglial migration toward neurons with or without Apo. Here 3.0 × 105 microglia were
loaded. (E) Quantitative analysis of the microglia that overlapped neurons after the direct addition to neuron-enriched cultures overnight. Images, as
represented in D, were captured, and the number of microglia that overlapped neurons was compared between DMSO treatment and the corresponding Apo
treatment. The Student t test was performed. n = 5. *P < 0.05; **P < 0.01; ***P < 0.001. (Scale bar: 100 μm.)
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To identify the downstream targets of phosphorylated SFK
that regulate the rearrangement of cytoskeletal actin filaments,
we stimulated WT mouse primary microglia and rat microglia-
derived HAPI cells with either α-syn or H2O2. We detected
increased phosphorylation of cortactin, an F-actin–associated
protein that promotes actin cytoskeleton polymerization and
rearrangement (27), in both cell types. However, both PP2 (Fig.
6 G and H and Fig. S4 A and B) and catalase (Fig. S4 A and B)
attenuated this response, indicating that Src serves as the second
messenger between α-syn– or H2O2-mediated microglial stimu-
lation and cortactin phosphorylation.
To further clarify the role of Lyn in cortactin phosphorylation
using a more specific approach, we knocked down Lyn in HAPI
cells using siRNA (Fig. S5 A and B), and found that decreased
Lyn dramatically reduced cortactin phosphorylation in both
α-syn– and H2O2-stimulated HAPI cells (Fig. 6I). As before,
α-syn treatment of WT primary microglia and HAPI cells in-
duced actin filament reorganization and long lamellipodia ex-
tension, as well as relocalization of phosphorylated cortactin to
the leading edge of the cells and colocalization of phosphory-
lated cortactin with polarized actin filaments, whereas PP2 or
Lyn siRNA treatment prevented this effect (Fig. 7 A and B).
Chemotaxis assays further showed that treatment with PP2
inhibited the migration of rat primary microglia and HAPI cells
toward the source of H2O2 (Fig. 7C, Left and Fig. S3C), and that
Lyn knockdown decreased the number of migrating HAPI cells
(Fig. 7C, Right and Fig. S5B). In migration assays, treatment with
PP2 (rat primary microglia and HAPI cells) or Lyn siRNA
(HAPI cells) decreased migration toward α-syn aggregates or
fMLP (Fig. 7D), confirming the role of Lyn in microglial mi-
gration toward α-syn or fMLP. Moreover, overnight coincuba-
tion of HAPI cells and dysmorphic rat neurons showed that
treatment with either PP2 or Lyn siRNA reduced the number of
HAPI cells that colocalized with the dysmorphic rat neurons
(Fig. S5 C and D).
To further demonstrate that the actions of Lyn are both nec-
essary and sufficient to mediate the effects of α-syn, Lyn protein
was transiently silenced by transfection of Lyn-specific or
scrambled siRNA into HAPI cells. Western blot analysis dem-
onstrated that Lyn protein was markedly reduced by day 3 after
transfection, but normal levels were restored by day 10 (Fig.
S5B). In parallel, we tested the ability of transfected cells to
migrate toward the source of H2O2, fMLP or α-syn. As shown on
the right side of Fig. 7 C and D, chemotaxis was reduced by Lyn-
specific siRNA on day 3 after transfection regardless of which
chemoattractant was used; however, this reaction was restored to
the control level on day 10 after transfection, further suggesting
that Lyn is required for microglial directional migration. Taken
together, these data clearly suggest that H2O2, which is generated
by microglia on stimulation by α-syn, enables phosphorylated Lyn
to activate cortactin, which in turn induces actin filament rear-
rangement, thereby facilitating microglial migration.
Because α-syn is also abundant in the periphery, and recent
work has demonstrated dysregulation of monocytes in the blood
in PD (28), we examined the effects of α-syn on migration of
primary monocytes. We found that fMLP enhanced chemotaxis
of monocytes isolated from peripheral rat blood, a response that
was partially inhibited by Src kinase inhibitor PP2; however,
unlike microglia, rat primary monocytes failed to directionally
move toward a source of α-syn (Fig. S6A). Exposure of mono-
Fig. 5. H2O2, a product of α-syn–activated Nox2, serves as a direct signal to regulate microglial directional migration on the interaction between α-syn and
CD11b. (A) Microglial chemotaxis toward H2O2 with or without catalase (Cat) based on an under-agarose gel migration assay. n = 4. ANOVA, followed by the
Newman–Keuls multiple-comparisons test. (B) Polarized microglial morphology and F-actin distribution after direct exposure of cells to 10 μM H2O2 for
30 min. (Scale bar: 10 μm.) (C) Effect of α-syn stimulation on extracellular H2O2 in WT mouse microglia with or without catalase, as measured by an Abcam kit.
BSA served as a control (Ctr). (D) Extracellular H2O2 in stimulated CD11b
−/− mouse microglial cultures. (E) Extracellular H2O2 in stimulated gp91
phox−/− mouse
microglial cultures. (F) Quantitative analysis of the changes in intracellular H2O2 concentration in WT mouse microglia. (G) Quantitative analysis of the
changes in intracellular H2O2 concentration in WT mouse microglia pretreated with catalase overnight. In C, D, E, F, and G, ANOVA was performed comparing
with the BSA-treated control. n = 4. (H) BSA- or catalase-preincubated microglia migrated toward BSA, fMLP, or α-syn. Assays were performed in the 96-well
Boyden chambers using a CytoQuant kit, with 1.0 × 105 microglia loaded onto each insert. n = 4. ANOVA followed by the Newman–Keuls multiple-com-
parisons test were performed. *P < 0.05; **P < 0.01; ***P < 0.001 compared with the corresponding BSA-treated control. ###P < 0.001 as indicated.














cytes to fMLP increased the phosphorylation of both the Src
member Lyn and the F-actin–associated protein cortactin (Fig.
S6B), indicating that Lyn-dependent cortactin phosphorylation is
involved in the response of monocytes to fMLP. Therefore, these
data support the idea that the microglial response is quite dif-
ferent from that of other myeloid-derived cells such as monocyte-
macrophages, despite the fact that they share the same origin, and
that the directional migration of monocytes, at least toward fMLP,
is Src-dependent.
Discussion
It is well known that α-syn aggregates indirectly damage neurons
by eliciting microglia-mediated neuroinflammation (12, 29, 30);
however, the mechanism by which α-syn aggregates interact with
microglia remains incompletely understood. Previous studies
found that activated microglia preferentially accumulate with
α-syn aggregates in affected areas of the PD brain. This finding
prompted us to speculate that α-syn aggregates act as chemo-
attractants to recruit microglia toward the sources of α-syn, thus
inadvertently damaging neurons, e.g., in SNpc. Although a re-
cent study suggested that neuronal α-syn could potentially induce
microglial migration in a β1 integrin-dependent manner (14), it
did not examine the directional movement of microglia or the
potential mechanisms involved in this process. Our investigation
has made several advances in understanding how α-syn affects
microglial motility. We have shown that α-syn induces microglial
directional migration in vitro by binding to CD11b, which acti-
vates Nox2 to produce H2O2, leading to the phosphorylation of
the SFK member Lyn and the F-actin–associated protein cortac-
tin. Activated cortactin ultimately promotes the reorganization of
cytoskeletal actin scaffolds into lamellipodia that extend toward
the source of α-syn (Fig. S7).
The first of these key findings is that extracellular α-syn ag-
gregates are sufficient to directionally mobilize microglia via
direct binding to the receptor CD11b. It is known that neurons
can release several mediators, such as gastrin-releasing peptide
(31), that are capable of attracting leukocytes. Our findings
that overexpression of α-syn accelerated microglial migration,
whereas decreasing α-syn expression suppressed this migration,
demonstrate that neuron-derived α-syn can function in a similar
capacity, serving as a microglial chemoattractant. Moreover, al-
though we found that purified rH α-syn aggregates directly recruit
microglia, we did not eliminate monomeric forms as contributors
to this process. However, it has been shown the majority of α-syn
released from neurons is in oligomeric forms (10), making these
the most likely candidates. Collectively, α-syn aggregates released
from neurons appear to be sufficient to initiate directional micro-
glial migration, although we cannot exclude the possible invol-
vement of other chemoattractants in our experimental paradigm.
We further investigated the mechanism by which aggregated
α-syn affects microglial behavior and morphology. It was pre-
viously shown to bind to several cellular receptors or adapters,
such as TLR2 (10), whereas our data indicate that CD11b
functions as a chemotactic sensor of α-syn to direct microglial
migration via direct interaction. However, neither genetic abla-
tion of CD11b nor treatment with a CD11b-neutralizing Ab
completely abolished microglial directional migration, implying
that other microglial receptors, e.g., TLR2 (10) or β1 integrin
(14), also may contribute to this cellular event. Whether β1
integrin binds directly to α-syn remains to be investigated.
Fig. 6. Lyn acts as an H2O2 sensor to regulate the phosphorylation of cortactin. (A) Exposure to either α-syn or H2O2 induced the phosphorylation of SFKs
(pSFK) in WT primary mouse microglia. Tubulin (Tub) blots served as protein loading controls. (B) Lyn, an SFK family member, is phosphorylated in WT mouse
microglia stimulated using either α-syn or H2O2. (C) Effect of DMSO (DM) or catalase (Cat) on α-syn– or H2O2-induced Lyn phosphorylation in WT mouse
microglia. (D) Effect of DMSO (DM) or PP2 on α-syn– or H2O2-induced Lyn phosphorylation in WT mouse microglia. (E) Lyn phosphorylation (pLyn) in CD11b−/−
mouse microglia stimulated by α-syn or H2O2. (F) Lyn phosphorylation (pLyn) in gp91phox−/− microglia stimulated by α-syn or H2O2. (G) Effect of DMSO (DM) or
PP2 on α-syn–induced cortactin (Cort) phosphorylation (pCort) in WT mouse primary microglia. (H) Effect of DMSO (DM) or PP2 on H2O2-induced cortactin
phosphorylation (pCort) in WT mouse primary microglia. (I) Effect of scrambled (Scram) or Lyn siRNA treatment on α-syn– or H2O2-induced cortactin phos-
phorylation in rat microglia-derived HAPI cells. In A–H, ANOVA and the Newman–Keuls multiple-comparisons test were performed. In I, the Student t test was
performed. ***P < 0.001 comparing Lyn shRNA- and its corresponding scrambled shRNA-treated HAPI cells, stimulated by either α-syn or H2O2. In A–I,
representative Western blots are shown on the top, and a corresponding summary of three to five independent experiments is shown on the bottom.
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The second major discovery of the present investigation is that
Nox2 activity is an absolute requirement for microglial directional
migration, regardless of which chemoattractant to which the
microglia are exposed. Our previous studies demonstrated that
extracellular α-syn aggregates increase the production of extra-
cellular O2
− by Nox2 (12), and others have reported that redox
reactions are involved in cell migration (22). In the present study,
we further found that activation of Nox2 and relocalization of the
Nox2 p47phox subunit to the plasma membrane (particularly within
extended lamellipodia) are vital steps in initiating α-syn–induced
microglial directional migration.
The critical issue raised by these findings is the identity of the
signaling molecule(s) downstream of Nox2 activation that me-
diate(s) microglial migration. Several lines of evidence led us to
focus on H2O2 in particular: (i) it can be spontaneously gener-
ated by O2
− even in the absence of SOD, at a rate of 8 × 104 M-1s−1
(32); (ii) it readily diffuses across the cell membrane (33);
and (iii) although this activity has not been reported for micro-
glia, it can effectively recruit leukocytes to wounded tissues (26).
In this investigation, exogenous H2O2 clearly stimulated micro-
glial migration, which was abolished by coincubation of the
microglia with catalase. It must be stressed that many investi-
gators, including us, have established that O2
− generated by ac-
tivated Nox2 is secreted primarily extracellularly (21). Thus, our
data, along with those of others, support the argument that in-
tracellular H2O2 transduces the α-syn–elicited extracellular sig-
nals to the microglial cytosol.
Finally, in this study we examined the molecular events leading
to microglial directional migration. In cytosol, H2O2 oxidizes
cysteine residues in many kinases and phosphatases, regulating
their activity (34). We found that exposure to either α-syn or
H2O2 led to increased phosphorylation of SFK Lyn, provided
that the upstream requirements (i.e., CD11b and gp91phox) were
intact. We also identified Lyn phosphorylation as essential for
microglial directional migration toward sources of either α-syn
or H2O2, further clarifying the signaling pathway for this im-
portant event.
Because cell migration relies on remodeling of the actin cy-
toskeleton (35), we also explored the molecular targets down-
stream of Lyn and found that cortactin, an F-actin–associated
protein, was phosphorylated after exposure to either α-syn or
H2O2. It has been suggested that phosphorylated cortactin
relocalizes to specific cellular regions, particularly lamellipodia,
and propels cell migration toward its targets (27, 36). Consistent
with these findings, our data show that exposure to either α-syn
or H2O2 increased cortactin phosphorylation and shifted cor-
tactin expression from the cytoplasm to the cellular leading edge,
which occurred in parallel with the rearrangement of actin fila-
ments. This result suggests that Lyn-dependent cortactin phos-
phorylation is essential for microglial migration. In contrast,
although stimulation of peripheral monocytes with fMLP also
Fig. 7. Activation of Lyn and cortactin facilitates microglial migration toward the source of H2O2, fMLP or α-syn. (A) Effect of the Src-inhibitor PP2 on the
α-syn–induced distribution of F-actin and phosphorylated cortactin (pCortactin) in WT mouse primary microglia. (B) Effect of the Lyn siRNA on the α-syn–
induced distribution of F-actin and phosphorylated cortactin in HAPI cells. Arrows are indicating the polarized localization of F-actin and pCortactin. (Scale
bar: 10 μm.) (C) Effect of PP2 or Lyn siRNA on rat primary microglial or HAPI cell chemotaxis toward the source of H2O2 by under-agarose migration assays.
(D) Effect of PP2 or Lyn siRNA on rat primary microglial or HAPI cell chemotaxis toward the source of fMLP or α-syn in the 96-well Boyden chambers. In C and D,
1.0 × 105 microglia were loaded onto each well or insert. Cell migration with DMSO (DM) or PP2 is shown on the left, and migration of cells transfected with
scrambled (Scram) or Lyn siRNA for 3 or 10 d is shown on the right. n = 4–5. The Student t test was performed. *P < 0.05 and **P < 0.01 compared with the
corresponding DMSO- or scrambled siRNA-treated controls.














resulted in increased phosphorylation of both Lyn and cortactin,
suggesting that their migration toward fMLP follows a process
similar to that of microglia, monocyte migration was not stimu-
lated by α-syn. This finding suggests that, despite the common
origin of microglia and monocytes, this process is specific to the
brain. These results are particularly interesting in light of the
finding of inflammatory dysregulation of PD blood monocytes
(28). Changes in the functions of peripheral blood leukocytes,
which are frequently “primed” by an initial insult and become
more sensitive to a second stimulation, or “hit,” have been re-
ported in many chronic inflammatory conditions, e.g., chronic
kidney disease (37). Although we did not observe normal mono-
cytes responding to the challenge of α-syn, this does not neces-
sarily exclude the possibility that monocytes in PD obtain the
ability to directionally migrate toward the source of α-syn. Owing
to a lack of fresh samples obtained from either PD patients or
Parkinsonian animal models, we cannot test this possibility at
present. The difference between cells from these sources also
suggests an additional caveat of the study: the microglia that we
tested are derived from newborn animals and might have a dif-
ferent molecular signature than adult microglia (38). Therefore,
further investigation of whether neuron-derived α-syn also in-
fluences the mobility of adult microglia is needed.
In summary, we have confirmed that neuron-derived α-syn
acts as a chemoattractant to direct microglial migration and
revealed the signaling pathway that mediates this cellular func-
tion. The directional recruitment of microglia may benefit the
central nervous system by removing unhealthy neurons or tissue
debris (39, 40). However, exposure to such undesirable materials
may further activate microglia, sustaining chronic neuroinflam-
mation in PD and related synucleinopathies and causing pro-
gressive neuronal damage. In this study we did not address whether
α-syn–induced microglial migration is beneficial or harmful to the
central nervous system; however, previous studies have suggested
that inappropriate microglial activation harms neurons (29). Based
on this scenario, blocking of α-syn–mediated microglial migration
may provide a therapeutic strategy to protect neurons against
progressive loss in PD and other synucleinopathies.
Materials and Methods
Animals. Mice deficient in gp91phox (gp91phox−/−) or CD11b (CD11b−/−) and
their WT C57BL/6J controls were housed in a pathogen-free facility at the
National Institute of Environmental Health Sciences (NIEHS). Animal housing,
breeding, and experiments were approved by NIEHS and performed in strict
accordance with National Institutes of Health guidelines.
Cultures of Mixed Glia and Harvesting of Microglia. The brains of mouse or rat
pups were dissected on postnatal day 1 as described previously (12), and the
brain cells were seeded on T175 flasks. Two weeks later, the microglia were
harvested by shaking the flasks.
Primary Neuron-Enriched Cultures. The cultures were established as described
previously (12) by seeding mouse or rat embryonic day 14 mesencephalic
cells on 6- or 24-well plates or MakTek dishes. Two days later, 10 μM arabi-
nofuranosyl cytidine (Ara-C; Sigma-Aldrich) was added to the cultures to
remove the glia and enrich the neurons. On day 14, these neuron-enriched
cultures, either intact or infected by AAV2 or lentiviral vectors (see below),
were used for various experimental purposes.
Isolation of Rat Peripheral Blood Monocytes. Rat monocytes were isolated
from the peripheral blood using Ficoll-Paque PREMIUM (GE Healthcare Life
Sciences) as described previously (41) and detailed SI Materials and Methods.
AAV2 Vectors and Infection of Rat Primary Neurons. AAV2 vectors harbor the
cDNA encoding green fluorescent protein (GFP) or human α-syn. To infect rat
primary neuron-enriched cultures, 1.0 × 1013 Vg/mL of vectors was added
overnight on day 6 after cell seeding, and the cultures were maintained for 7
d in fresh media for different experimental purposes.
Retroviral Packing of Lentiviral Vectors and Infection of Rat Primary Neurons.
As described previously (42), retroviral packing was performed using a
combination of human 293FT cells, the packing plasmids, and the pGFP-
C-shLenti-vector carrying scrambled or rat α-syn–specific shRNA (Origene
Technologies). Infection of rat neuron-enriched cultures was performed
overnight by adding the media collected from the transfected 293FT cell
cultures to each neuron-enriched culture, along with 6 μg/mL polybrene.
Knockdown of Lyn in HAPI Cells Using SiRNA. HAPI cells (a rat microglia-derived
cell line) were seeded on six-well plates and transfected by adding Opti-MEM
reduced serum media containing a mixture of Lipofectamine RNAiMAX
transfection reagent (7.5 μL/well; Life Technologies) and ON-TARGETplus
SMARTpool rat Lyn-specific siRNA (40–80 pmol/well; GE Dharmacon).
Preparation of rH α-Syn. Dissolved in water, rH α-syn (endotoxin level, <0.024
EU/μg) was incubated with agitation at 37 °C for 7 d. This process allowed
α-syn to form oligomers (12), which were used in this study.
Microglial Cell Migration Assays Using 96-well Boyden Chambers. In a 96-well
Boyden chamber, each bottom well was filled with 200 μL of serum-free
media containing 0.1% BSA, 1.0 × 10−7 M fMLP or 1.0 μM rH oligomeric α-syn
with or without the control IgG, or an anti–α-syn Ab (Abcam). Before the
insert frame was placed back on the plate and incubated at 37 °C overnight,
each insert, with 5-μm pores in its filter membrane, was loaded with 1.0 ×
105 microglia, HAPI cells, or monocytes pretreated with the control IgG or an
anti-CD11b Ab (Biolegend) or a compound such as Apo (0.25 mM), cyclosporin
H (1.0 μM; Santa Cruz Biotechnology), PP2 (10 μM), or catalase (100 U/well;
EMD Chemicals). The number of transmigrated cells was measured using a
CytoQuant Kit (Life Technologies) according to the manufacturer’s protocol.
Microglial Cell Migration Assays Using 24-well Boyden Chambers. Enriched
mouse or rat primary neurons were cultured in the bottom wells of 24-well
Boyden chambers. A total of 1.0 × 105 microglia pretreated with the control
IgG or an anti-CD11b Ab or a compound such as DMSO, Apo, PP2, or catalase
were loaded on each insert, which contained 5-μm pores in its filter mem-
brane. Then the inserts were placed back on the bottom chamber. In some
experiments, the neuron-enriched cultures in the bottom wells were treated
with the control IgG or an anti–α-syn Ab when the chemotaxis assays were
initiated. After overnight incubation, the cultures were stained with calcein-AM
and Alexa Fluor 594-conjugated isolectin. The isolectin-positive cells in 15
random fields per well were counted as microglia (43).
Chemotaxis Assays Using Live Cell Imaging. Intact or viral vector-infected
enriched rat primary neurons were cultured in 24-well plates. Then 1.0 or
3.0 × 105 of microglia treated by anti-CD11b Ab or compounds (e.g., PP2), or
HAPI cells transfected with scrambled or Lyn siRNA or treated with DMSO
or PP2, were directly applied to the bottom wells containing the enriched rat
neurons. On the next day, the cells were labeled with calcein-AM (cytoplasm
of both neurons and microglia), Alexa Fluor 594-conjugated isolectin
(microglia only), and Hoechst (cell nuclei). Fifteen fields in each well for each
experimental condition were selected at random for imaging with an Axio
Observer epifluorescent microscope equipped with a 10× objective (Carl Zeiss
Microscopy). The amount of microglia overlapping neurons was quantified
with Imaris 7.7 (Bitplane).
Chemotaxis Assessment Using Under-Agarose Migration Assays. These assays
were performed as described previously (26, 44) to examine the ability of
microglia or HAPI cells to migrate toward the source of H2O2.
Co-IP. To determine whether rH α-syn binds to Myc/DDK-tagged CD11b
(OriGene Technologies), an equimolar mixture of these two proteins was
incubated and further reacted with anti-Myc–tagged magnetic beads (MBL
International). After multiple washes, the beads were boiled in Laemmli
sample buffer, and the samples were examined by Western blot analysis for
α-syn or DDK peptide (OriGene Technologies). To evaluate the ability of rH
α-syn to bind to microglia-derived CD11b, α-syn was mixed with WT or
CD11b−/− microglial lysates containing IP lysis buffer (Thermo Scientific), and
anti–α-syn Ab or control IgG was conjugated to the protein G magnetic
beads (Life Technologies). Next, the mixtures of α-syn and microglial lysates
were incubated with the Ab- or control IgG-conjugated protein G magnetic
beads. After washing, the beads were eluted and the samples were boiled in
Laemmli sample buffer and Western-blotted for CD11b or α-syn.
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Immunofluorescence. To demonstrate the membrane translocation of p47phox
and cell spreading, mouse primary microglia or HAPI cells, either intact or
pretreated with scrambled or Lyn-specific siRNA (OriGene Technologies), were
stimulated and then fixed. After blocking with PBS containing 5 ml/100 ml
goat serum and 0.3% Triton-X, the cells were immunostained for p47phox or
phosphorylated cortactin (phospho-Y466 Ab; Abcam), followed by staining
for F-actin and nuclei. The samples were analyzed using a Zeiss LSM 510
confocal microscope.
Detection of Membrane Translocation of p47phox via Western Blot Analysis.
HAPI cells were stimulated using 0.1% BSA or 250 nM α-syn and then
lysed in a hypotonic lysis buffer. The membrane fraction and cytosol were
collected from the cell lysates using centrifugation as described previously
(45). The proteins in the membrane fraction and cytosol were examined by
Western blot analysis for p47phox and gp91phox.
O2
− Production Assays. O2
− released from mouse microglia was mea-
sured according to the SOD-inhibitable reduction of the tetrazolium salt
WST-1 (46).
Extracellular and Intracellular H2O2 Assays. The level of extracellular H2O2
released from microglia into the culture supernatant was examined using a
hydrogen peroxide assay kit (Abcam) according to the manufacturer’s in-
structions. To measure the intracellular H2O2 level, WT microglia were
seeded on each well of 96-well plates with or without 1 mg/mL catalase
overnight, to allow delivery of catalase to the cells (47). Next, the microglia
were stimulated by 0.1% BSA, 250 nM α-syn, or a mixture of α-syn and 100 U/mL
catalase at 37 °C for 1 h. After washing, 50 μL of media and 50 μL of AbGreen
Indicator working solution (Abcam) were added to each well, and the plate was
measured using a fluorescence reader every 5 min for 1 h.
Statistical Analysis. Data are presented as mean ± SEM and compared using
the Student t test or ANOVA plus the Newman–Keuls multiple-comparisons
test. P < 0.05 was considered significant.
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